The base sequence in DNA encodes substantial structural and functional information into the biopolymer. Besides the Watson-Crick base-pairing of complementary nucleotide bases by hydrogen bonds, the self-assembly of guanosine bases into G-quadruplex, 1 the pHstimulated formation of i-motif 2 or triplex DNA 3 nanostructures, and the cooperative formation of metal-ion-bridged duplex structures composed of C-Ag + -C or T-Hg Different inter-linked research areas comprise the field of DNA nanotechnology, and these include the development of DNA-based sensors, 9 the assembly of one-, two-and threedimensional DNA nanostructures 10 and their use as templates for the controlled spatial organization of biomolecules or nanoparticles, 11 the fabrication of DNA machines in solutions 12 or on surfaces, 13 and the design of stimuli-responsive DNA based hydrogels. we aim to discuss the analogy between logic arrays and biological systems, and to present potential future application of these systems for sensing, nanomedicine, and as functional "smart" drug-delivery materials. approach to construct a modular DNAzyme-based computing paradigm that is outlined in Figure 2 (B). 27 The system consists of a library of DNAzyme subunits and a library of DNAzyme substrates. In the presence of the appropriate input(s), the input-guided assembly of the computing module proceeds, where the respective subunits form the Mg 2+ -dependent
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The base sequence in DNA encodes substantial structural and functional information into the biopolymer. Besides the Watson-Crick base-pairing of complementary nucleotide bases by hydrogen bonds, the self-assembly of guanosine bases into G-quadruplex, 1 the pH-
1.

Metal-Dependent DNAzymes as Computational Modules
Metal-dependent DNAzymes, and particularly hydrolytic DNAzymes, are characterized by conserved sequences that accommodate the respective metal-ions, and variable "arms" that hybridize with the appropriate substrates (often a ribonucleobase-containing substrate). 26 The substrates are cleaved by the DNAzyme and the fragmented products are separated from it, thus allowing the regeneration of the catalytic functions of the DNAzyme. The DNAzymes exhibit different pH-dependence features, while some of the DNAzymes reveal optimal activities at neutral pH values, and lack activities in acidic media, other DNAzymes exhibit approach to construct a modular DNAzyme-based computing paradigm that is outlined in Figure 2 (B). 27 The system consists of a library of DNAzyme subunits and a library of DNAzyme substrates. In the presence of the appropriate input(s), the input-guided assembly of the computing module proceeds, where the respective subunits form the Mg 2+ -dependent
DNAzyme that binds the substrate, thus yielding the computing module. The resulting cleaved product and its fluorescence provide the output for the respective input(s).
Accordingly, by using this paradigm a universal set of logic gates was constructed. -dependent DNAzyme subunits, composed of the strands (14) -(19), the structurally-modified substrates (20) and (21) The pH-dependence of metal ions-dependent DNAzymes was further implemented to develop pH-programmed logic-gates cascades. 28 The system is based on the Mg 2+ -dependent
DNAzyme, that reveals high activity at pH = 7.2, moderate activity at pH = 6.0 and lacks 6 activity at pH = 5.2, and on the UO 2 2+ -dependent DNAzyme, that shows high activity at pH = 5.2, moderate activity at pH = 6.0 and no activity at pH = 7.2. Thus, by designing mixtures of the two DNAzyme subunits, logic cascades operating in three different reconfigurable programs at pH = 7.2, 6.0 or 5.2 were constructed, Figure 4( depicts the fluorescence changes of the system upon subjecting the library of DNAzyme subunits/substrates to the three inputs I 1 , I 2 , I 3 and the derived truth-table. Evidently, the composite computing module enabled the pH-programmed powering of three computing circuits consisting of different logic gates cascades. Furthermore, the introduction of antiinput strands into the system allowed the resetting of the computing module by separating the input-guided gate assemblies through the formation of energetically-stabilized input/antiinput duplexes. The re-addition of inputs into the system enables, then, the re-activation of any of the three pH-dictated programs.
Regulatory cellular networks often involve scaffold proteins that in the presence of appropriate signals trigger different intracellular pathways, and even orthogonal transformations. Mimicking such biological systems, where the information is compressed in a single entity and then can be fanned-out, may be achieved by multiplexer/demultiplexer systems. A multiplexer is a circuit that includes n selectors and 2 n inputs and it selects and directs any of the inputs into a single output. The demultiplexer performs the reverse function and it transforms a single input, in the presence of n selector units, into 2 n outputs. The Mg 2+ -dependent DNAzyme computing module was implemented to construct 2:1 and 4:1 multiplexer systems. 29 This is exemplified in Figure 5 (A) with the assembly of the 2:1 multiplexer system. The system consists of a library of the Mg 2+ -dependent subunits (32) - (35) and the substrate (36) that is modified with fluorophore/quencher units. The computing module is subjected to inputs I 1 and I 2 and a selector unit S 1 . In the presence of I 1 , the inputguided assembly of subunits (32)/(33) proceeds, giving rise to the cleavage of the substrate and the release of the fluorophore-modified fragment that provides the output fluorescence signal. In the presence of the two inputs, I 1 and I 2 and the selector unit S 1 , the interhybridization features between the selector, S 1 , and the inputs lead to the guided selection of the DNAzyme subunits (34) and (35) . The base-pair complementarities between the selector domain X and I 1 neutralize I 1 , while the domain Y of the selector and Y' of I 2 yields a stable duplex that selects the subunits (34) and (35) to form the active DNAzyme structure. This results in the Mg
2+
-dependent catalytic cleavage of the substrate (36) . That is, the interaction of the computing module with the inputs and selector unit leads to a single fluorescence output. The logic scheme of the resulting 2:1 multiplexer, the truth-table and the experimental results of the 2:1 multiplexer are provided in Figure 5 (B). Using similar concepts, the design of a 4:1 multiplexer system was demonstrated by the implementation of a more complex library of DNAzyme subunits, four inputs and two selector units.
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The assembly of the 1:2 demultiplexer system is schematically presented in Figure   6 (A). The system includes three DNAzyme subunits, (37)- (39) and two substrate units, (40) and (41), modified each with different fluorophore/quencher pairs (F 1 /Q 1 and F 2 /Q 2 ). The system was subjected to a single input, I 1 , in the presence or absence of the selector, S. In the absence of the selector, the input-guided assembly of the subunits (37) and (38) led to the formation of the Mg 2+ -dependent DNAzyme that binds the substrate (40) . The biocatalytic cleavage of the substrate led to the fluorescence of the F 1 -fragmented product as output. In turn, subjecting the computing module to input I 1 , in the presence of the selector, led to the cooperative stabilization of the (38) and ( -dependent DNAzyme has been implemented to assemble a library of catalytic constructs that lead in the presence of appropriate inputs to a full-adder. 30 The library is or the combination of all inputs leads to their interaction with one of the four computational modules that yields the sum output. Whereas, the other three computational modules are activated only in the presence of a combination of two inputs: I 1 + I 2 , I 2 + I 3 or I 1 + I 3 leading to the carry output signal.
The versatility of the paradigm that involves computational modules comprising DNAzyme subunits and their substrates was also implemented to develop a full-adder system. 31 The schematic composition of the hairpin-input structure is presented in Figure   8 
2.
DNAzyme-driven logic gate cascades
DNAzyme-based logic gates that yield as an output a second DNAzyme allow the amplification of the final output signal. In this section we will present several methods to generate DNAzyme-logic gate cascades.
The UO 2 2+ -dependent DNAzyme and the Mg 2+ -dependent DNAzyme were implemented to construct an AND logic gate DNAzyme cascade, 32 Figure 9(A). The system consists of a DNA scaffold, (56), which includes two ribonucleobase-containing domains I
and II that provide substrates for the UO 2 2+ -and the Mg 2+ -dependent DNAzymes, respectively. The two domains were inter-linked by the G-rich domain, X, which includes the base sequence to yield the G-quadruplex. In the presence of the appropriately designed or Mg 2+ inputs, coupled to the hemin/G-quadruplex output was constructed.
32
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The cooperative self-assembly of the Mg 2+ -dependent DNAzyme subunits by allosteric components was used to activate an AND gate and to couple the hydrolytic function of the resulting DNAzyme to the horseradish peroxidase (HRP)-mimicking DNAzyme, providing the output signal for the bi-DNAzyme cascade. 33 This is exemplified in Figure 10 with the cocaine-stimulated allosteric activation of the Mg
2+
-dependent DNAzyme that activates the secondary HRP-mimicking DNAzyme. The system consists of two subunits (57) and (58) that include three sub-domains. The domains I and I' correspond to the cocaine aptamer subunits, the domains II and II' include the subunits comprising the loop region of the Mg 2+ -dependent DNAzyme, and the III and III' sequences that correspond to the domains complementary to the substrate of the Mg 2+ -dependent DNAzyme. Also, the quasi-circular strand (59), which includes the ribonucleobase-functionalized sequence that acts as substrate for the Mg 2+ -dependent DNAzyme is included in the system. Its domains IV and V include the G-rich sequences capable to self-assemble into the G-quadruplex. In the quasi-circular structure of (59) the formation of the G-quadruplex is prohibited due to partial blocking within the quasi-circular structure. All of the components of the system are separated due to insufficient inter-component hybridization stabilities. In the presence of cocaine and Mg 2+ as inputs, the formation of the cocaine-aptamer subunits cooperatively stabilizes the hybridization of the Mg 2+ -dependent DNAzyme subunits with the quasi-circular substrate. -ions as inputs, both of the DNAzyme modules are activated. The complementarity of the fragmented products generated by the two DNAzyme leads to an energetically favored duplex that knocks out the fragmented product generated by the Pb 2+ -dependent DNAzyme, thus, prohibiting the formation of the hemin/G-quadruplex DNAzyme, and to a "0" output. That is, output signals of the system generated by the enzyme cascade, Figure 13( (76) and (78) were extended with the G-quadruplex subunits. At high ionic strength, and in the presence of cocaine, the blocker unit, (79), is displaced while forming the cocaine aptamer complex.
Under these conditions the Cu 2+ -dependent DNAzyme is configured, resulting in the ligation of the units (76) and (78) system enables the analysis of cocaine with a detection limit that corresponded to 2.5 µM.
3.
Applications of DNAzyme-base logic gates
The activation of DNA-based logic gates by diverse inputs, such as nucleic acid strands, aptamer-substrates and metal ions, and the different optical outputs of the systems, paved the way to implement the systems for different sensing applications, multiplexed sensing of analytes, and amplified sensing. Further application of metal-ion dependent DNAzymes to power chemical transformations by logic operations has involved the ion-selective dissolution of DNA hydrogels and the activation of multi-enzyme cascades, Figure 18 . 40 Acrydite nucleic acid (89) was used to synthesize acrylamide-acrydite nucleic acid copolymer chains P 1 and P 2 .
The chains were crosslinked by the Zn 2+ or Mg 2+ DNAzyme sequences (90) and (91) A possible therapeutic application of the computational module generated by the Mg 2+ -dependent DNAzyme and its substrate (see section 1) was demonstrated by implementing a logic system acting as an autonomous sense-and-treat apparatus. Hemorrhage or shock events are accompanied by the excessive formation of thrombin that might cause blood clots and brain damages. As the thrombin aptamer binds thrombin and inhibits its hydrolytic activity, the logic release of the aptamer was suggested as a triggered therapeutic system. 27 Accordingly, the Mg 2+ -dependent DNAzyme subunits (94) and (95) and the substrate (96) provided the logic module. The substrate included in a caged inactive configuration of the thrombin sequence (97). In the presence of the nucleic acid I 1 acting as input, the guided assembly of the Mg 2+ -dependent DNAzyme and the cleavage of the substrate (96) occurred, Figure 19 (A). The cleavage of the substrate released the aptamer unit (97) and this reconfigured into the aptameric G-quadruplex/thrombin complex, resulting in the hydrolytic activity of thrombin, Figure 19 (B). Although the practical therapeutic applicability of such system is still far away, the system provides a paradigm that deserves further research efforts.
For example, the guided assembly of the DNAzyme subunits via biomarkers and appropriate aptamer-ligand complexes may be a versatile route to release inhibiting aptamers for different other enzymes.
Conclusions and Perspectives
The present article has summarized the implementation of DNAzymes for logic gates and logic-circuits operation. Substantial progress has been demonstrated and DNAzymes provide an important component in the area of DNA computing. A universal set of logic gates, a full adder, multiplexer/demultiplexer, cascaded logic circuits, field programmable logic gates and computing circuits were developed using DNAzymes as computing modules.
Despite the advances in the field, challenging research targets are, however, still ahead of us, particularly efforts to find practical applications of the logic gate and computing circuitry systems.
From a fundamental point of view logic gate cascades mimic intracellular biosynthetic pathways and catalytic networks. The input-guided control of directional DNAzyme cascades, the input-controlled fan-out of several outputs that drive catalytic paths, and the pH programmable dictated control of logic circuits mimic cellular functionalities, such as dictated directional transformations, networking of catalytic processes branching of biocatalytic reactions, and more. Some of these analogies have been mentioned in the article, but many challenges need to be resolved. These include, for example, the amplification of biocatalytic cascade, the development of feedback mechanisms and the parallel operation of circuits by many inputs.
The application of DNAzyme-based logic circuits is still challenging. The assembly of computational catalytic modules through the recognition of an input and the subsequent physical readout signal represents the basic function of an amplified sensing. Particularly, the parallel input-guided assembly of several computational modules provides the basis for multiplexed sensing. Indeed, this interplay between logic gates and sensing phenomena was emphasized throughout the article. More sophisticated applications may be, however, envisaged. The controlled release of molecular or macromolecular components from "smart"
carrier matrices, such as mesoporous nanoparticles or hydrogels, using logic gate operations, To conclude, the input-guided assembly of computational DNAzyme modules holds great promises for sensing, nanomedicine, material science and living technologies. 
